Introduction
Prevention of disease is the primary purpose of environmental medicine. This symposium seeks to identify those segments of the human population especially at risk to toxicity from environmental toxicants because of genetic, social, or economic factors. In this discussion, the impact of nutrition will be considered using the effects of oxidizing air pollutants on the lung as an example. The toxicities of ozone (03) and nitrogen dioxide (NO2) are particularly useful examples, since the response of the lung to these toxicants can be easily modified by dietary control. The question of dietary impact on the toxicity of environmental toxicants is not restricted to the air pollutants, however. In man, diet can affect metabolism of drugs, carcinogenicity of organic compounds, maximum growth, stature, mental acuity, reproductive capacity, hormonal elaboration, and susceptibility to infection. Ir proper nutrition has commonly led to obesity, which is a major contributor to cardiovascular disease, hypertension, and adult-onset diabetes. Diet, then, is one of the most important variables available for prevention of disease. 
Oxidizing Air Pollutants as Initiators of Free-Radical Reactions
Our basic hypothesis has been that oxidizing air pollutants produce their toxicity through free radical reactions involving unsaturated fatty acids. Most unsaturated fatty acids are esterified to phospholipids which, in turn, are present in the membranes of cells. Free unsaturated fatty acids, especially arachidonic acid (C 20:4 w6) and eicosatrienoic acid (C 20:3 w6), the precursors of the prostaglandins, exist in relatively low concentrations in the circulation. Both NO2 and 03 can react with unsaturated fatty acids to produce peroxides. NO2 can react via the scheme shown in Eqs. (1-(5) . 
April 1979 Alternatively (Pryor, personal communication) , N02 can abstract a hydrogen directly to form an alkyl free radical which can react with molecular oxygen as in reaction (4) .
RH + ONO-^R + HONO
R ±O+ 02 -RO2 (6) (7) 0:3 catalyzes peroxidation of unsaturated fatty acids by direct ionic addition across the ethylene group as proposed by Criegee [Eqs. (8) - ( 11) 
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The hydroxy hydroperoxide I could decompose to peroxyl radicals and initiate peroxidation via the autoxidation mechanism of reactions (4) and (5 Vitamin E is a poor scavenger of both 03 and N02. As many as six products can be isolated from a-tocopherol exposed to ozone, but the rate of the reaction is slower than the peroxidation of unsaturated fatty acids. Vitamin E acts as an antioxidant to terminate the peroxidation initiated by the freeradical mechanism, e.g., termination of reactions such as reaction (5) . Depriving rats or mice of vitamin E increases the toxicity of both N02 and 0:3. Rats fed vitamin E-free diets are significantly more susceptible to both N02 and 0: toxicity (3) (4) (5) of vitamin E. Mice were fed these diets for 6 weeks in order to equilibrate the lungs to the fatty acid composition and vitamin E content of the diets. There were no differences in growth between groups. (Fig. 1) The fatty acid composition of the lungs of these animals is set out in Tables 2 and 3 . The peroxidizability index, which is a weighted average based on the relative rates of peroxidation of single purified fatty acids, was calculated according to the formula shown in Table 2 . The distribution of fatty acids is also reported in terms of the saturated, mono-, di-, and polyenoic fatty acids (Table 3) . One can see that it was possible to manipulate the fatty acid composition independent of the vitamin E content. The lard-fed groups consisted of mice having lungs of a more saturated fatty acid composition, while the corn oil-fed groups consisted of those having a more unsaturated fatty acid composition.
The mortality of these mice on continuous expo- The index was calculated according to the formula: PI = (% monoenoic x 0.025) + (% dienoic x 1) + (% trienoic x 2) + (% tetraenoic x 4) + (% pentaenoic x 6) + (% hexaenoic x 8). edema is wet weight. When mice fed these diets were exposed to 13.0 ± 0.2 ppm NO2 for 8 hr/day for 90 days, no mortality was observed, but a significant increase in the lung weights of the exposed groups occurred (Table 4 ). There was a trend toward less edema in the groups receiving 10 or 100 mg vitamin E/kg of diet, but the differences in mean weights were only marginally significant due mainly to the large variance in the vitamin E deficient groups.
Exposure to O. also increased the relative percent of the total lung fatty acids present as arachidonic acid as shown in Table 5 . A similar increase was also found in the lungs of mice exposed 98- to NO., ( (Figs. 2 and 3 ). Earlier mortality was observed in the saturated fat (lard-fed) groups than in the unsaturated fat (corn oil-fed) groups. The delay in mortality was especially marked in the corn oil-fed group receiving 100 mg vitamin E/kg where no mortality was observed before 30 days, contrasted to 20% mortality in the corresponding lard-fed group. The peroxidizability index (PI) of the corn oil-fed groups, as shown in Table 2 , was significantly greater than that of the lard-fed groups, suggesting a greater predicted rate of peroxidation of the lung fatty acids. Yet the LT-,, depended upon the vitamin E content and not the fatty acid content. Polyunsaturated fatty acids (PU FA) autoxidize following hydrogen abstraction of an allylic hydrogen:
RH +1 R- (13) Reactions (4) and (5) propagate the autoxidation and result in hydroperoxides as the end products. Termination of the reaction could also involve the dimerization of two alkyl radicals, but this does not appear to occur in biological systems where reaction with an antioxidant, vitamin E, appears to be the dominant chain termination step. In the iii vitro autoxidation of PUFA, hydroperoxide formation [reaction (5)] is the rate-limiting step. The rate also depends upon the chemical structure of the fatty acid. Polyenoic fatty acids autoxidize at a disproportionate rate compared to monoenoic fatty acids. The initiation reaction, [reaction (13) ] and the scavenging of alkyl radical by oxygen [reaction (5)] are rapid. If the LT,,, of 0Q exposure were dependent on the PI, then hydroperoxide formation would appear rate-limiting, since this propagation step is dependent on the chemical nature and the abundance of the hydrogen donor. As the LT-,, values were similar for both high and low PI groups, hydroperoxide formation was apparently not rate-limiting in vivo.
Given that tissue PO is substantially lower than the one atmosphere at which the rate equations for autoxidation were determined in vitro, peroxyl radical formation [reaction (4) was observed compared to that at 0.97 ppm.
Vitamin E afforded protection against 03 at only the 100 mg vitamin E/kg level, suggesting the idea that termination by reaction 13 did not become significant in vivo below that level. The rate of initiation of peroxidation is rate limiting under those conditions. The protective interaction of unsaturated fatty acid diets and vitamin E emphasizes the complexity of the multivariate biological situation. Under ambient conditions, the absorption and storage interactions of vitamin E and PUFA do not preApril 1979 sent a simple, linear relationship (7). Ozone exposure further complicated the relationship by depleting vitamin E stores (3, 8) , and in the rat and mouse by altering the composition of lung PUFA, notably increasing the level of arachidonic acid (9) . The latter effect is paradoxical in terms of traditional concepts of autoxidation, and a companion effect unexplained by traditional concepts was the protection afforded by high tissue PUFA and vitamin E. The requisite level of lipid antioxidant in tissue, expressed in the vitamin E/PUFA ratio, has a critical threshold below which deficiency symptoms appear and oxidant susceptibility is enhanced (7, 10) . Mice fed the lard diet containing 100 mg vitamin E/kg diet and possessing the highest vitamin E/PUFA ratio would have been expected to show the longest period before mortality.
The failure of the mortality of different diet groups to correlate with lung PI brings into question the significance of differences in PI in the lungs of the corn oil-and lard-fed groups. The difference of 22.4% in PI between the groups after 6 weeks is similar to that reported for RBC phospholipids (7), where hydrogen peroxide hemolysis showed a correlation with PI. An increase of 18.5% in the PI of rat muscle phospholipids was also found to correlate with the onset of creatinuria with vitamin E deficiency (1/). However, trienoic acid diets produced creatinuria within 12 weeks while dienoic acid diets required 19 weeks.
The lung receives the brunt of oxidant exposure, and given the reactivity of 03, little of the gas would be expected to pass the pulmonary air-blood barrier. Rather, the primary toxic effects of 03, and probably NO2, are exerted in the lung, and 03 mortality is usually attributed to pulmonary edema. Similarly, pulmonary edema is the precursor of emphysema induced by NO2 exposure. The PI of the lung was found to be significantly elevated by dietary manipulation but was not rate-limiting in the induction of mortality to 03 or in the extent of pulmonary damage to NO2. For a complex organ such as the lung, one may argue that mechanisms of respiratory control, defense, and morphological diversity render the PI useless. The argument raises the possibility that the PI is an inadequate measure of oxidant susceptibility in other organs as well.
Alternative Interpretation of the Toxicity of Fatty Acid Peroxidation
It is clear that a simple interpretation of 03 or NO2 toxicity based on the peroxidation of unsaturated fatty acids is an oversimplification. As a free radical initiator, 03 could generate sufficient hydroperoxides and other oxidation products to cause membrane disruption and consequent cellular damage (12) . In support of direct membrane damage, both NO2 and 03 exposure in vliVO produce pulmonary macrophages which are more easily agglutinated but contain surface membrane binding sites of the same number and avidity for the ligand (13) . The direct peroxidation damage, however, would be quantitatively dependent upon both the PI and the concentration of 03 and NO2. A second mechanism for oxidant toxicity could be through the generation of specific fatty acid oxidation products possessing biological activity through their potential for mimicking or antagonizing the activity of endogenous compounds. Similarities exist between the fatty acid peroxides and the naturally occurring fatty acid peroxides of the prostaglandin system. Such biopotent compounds could be generated in picogram quantities and yet be sufficiently active to disrupt pulmonary vascular regulation which is dependent upon the prostaglandin system.
The toxic products could be formed on the direct reaction with 03 or NO2 or by subsequent peroxidation steps. The peroxides formed by these means differ from the natural products in stereochemistry, specificity of substitution of peroxidic groups, and the potential existence of peroxidic esters. The natural prostaglandin synthesis is regulated by the requirement of cyclo-oxygenase for an unesterified carboxylic acid group. Arachidonic acid, the preferred substrate, is not available for oxygenation until hydrolyzed from phospholipids by phospholipase. Human platelets contain about 50% arachidonic acid in their phospholipids and are aggregated by conversion of the endogenous arachidonic acid to thromboxane A2 only by stimuli which result in activation of phospholipase. In the proposed alternative explanation of peroxidation toxicity, biopotent peroxides would be formed only from fatty acids having three or more double bonds since they are most likely to yield endoperoxides through the unimolecular cyclization of a peroxyl radical (14) .
The reaction sequence leading to cyclic peroxides of fatty acids is shown in Figure 4 . Abstraction of an allylic hydrogen of a trienoic fatty acid results in an alkyl free radical having several resonance forms. Conventional autoxidation could take place with the formation of hydroperoxides containing conjugated and nonconjugated ethylene groups. Reaction with molecular oxygen to form a8 ,y-allylic peroxyl radical allows a unimolecular reaction to form a cyclic peroxide. Cyclization reactions have been shown to occur using peroxyl precursors, and endoperoxide formation has been proposed to be a source of fatty acid prostaglandins, formed by 03-initiated peroxiEnvironmental Health Perspectives dation of unsaturated fatty acids (15) . Both monocyclic and bicyclic peroxides, which are similar to the Nugteren-Sammuelsson mechanism proposed for prostaglandin cyclo-oxygenase, could be formed. Bicyclic peroxides could resemble the key prostaglandin intermediary, PGH2/G2, which is converted to thromboxane A2, prostacyclin, or prostaglandins E2, F2q, or D2.
The biopotency of 03-peroxidized arachidonic acid has been measured by using rabbit aortic strips, rat fundus strips, and human platelets (16) . Biopotent peroxides, which contract aortic strips with nearly the potency of naturally occurring PGH2, are formed in the absence of vitamin E. Human platelets are also aggregated by these peroxides at concentrations in the nanomolar range. Hydroperoxides of fatty acids are about 1,000-10,000 times less potent. Addition of I mole of vitamin E to 03 moles of arachidonic acid reduced the biopotency of the peroxides formed, but not the total peroxides formed. Vitamin E, because of its chemical structure and preferred molecular conformation, could associate with arachidonic acid in such a manner as to favor the formation of hy-
Peroxidase GSSG Reductase NAD droperoxides over cyclic peroxides. By donation of its phenolic hydrogen to the f3,y-allylic peroxyl radical, a hydroperoxide would be formed in place of a cyclic peroxide. In support of this hypothesis, an examination of the trienoic and higher fatty acid composition of the mouse lungs showed that the different groups varied by only 2.53 weight %, explaining the similar LT-,,, despite different PI.
An Enzymatic Hydroperoxide Decomposition System
A mechanism exists for the decomposition of hydroperoxides formed in the lung and other tissues. Glutathione peroxidase coupled with glutathione reductase and glucose-6-phosphate dehydrogenase has been proposed for the removal of hydroperoxides formed in tissues (17) [Eq. (14) J.
Continuous long-term exposure to Q0 has been reported to induce higher levels of the glutathione peroxidase system in the lungs of rats (17) . N02 exposure, on the other hand, does not appear to produce such an induction. We have not found increased glutathione peroxidase levels in mice exposed to 3.4 ± 0.1 ppm N02 or in guinea pigs exposed to 1.0 ppm N02 as long as 3 months (18) . In guinea pigs, long-term N02 exposure actually results in decreased RBC levels of glutathione peroxidase. A complicating factor is the dependence of glutathione peroxidase levels on vitamin E as shown in Table 7 . Fortification of diets with vitamin E decreased both lung and RBC glutathione peroxidase, but N02 exposure had no effect.
Conclusion
The toxicity of 03 and N02 is significantly affected by at least one dietary parameter, vitamin E intake. The free-radical-scavenging properties of vitamin E suggest that the pulmonary toxicity of these two air pollutants is mediated through a free radical mechanism. While some effects of N02 and 03 support the hypothesis that fatty acid peroxidation is a major consequence of their inhalation, simple peroxidative effects on cell membranes do not appear adequate to explain the toxicity. The degree of unsaturation of lung fatty acids is not directly correlated with susceptibility to either gas. Rather, Phosphate Dehydrogenase 6-Phosphogluconic Acid Glucose-6-Phosphate (14) April 1979 y x y x j02 ,-yllylic pero.idyl radical the correlation is best with the total trienoic and higher polyenoic fatty acid contents. Arachidonic acid pools within the lung are increased by both oxidants, suggesting a potential role for prostaglandins in the toxicity. Pulmonary edema and inflammation may place higher demands on the prostaglandin system, accounting for this increase. Alternatively, the increased levels of arachidonic acid may represent the specific peroxidation of this PUFA and consequent increased turnover. The products of peroxidation of specific fatty acids may have biological activity producing prostaglandinlike effects. Ozone peroxidation of arachidonic acid produces cyclic peroxides which are almost as potent as the naturally occurring prostaglandin PGH,. The peroxides are not activated to thromboxane A2 by platelet thromboxane synthetase and may contain mixtures of many stereoisomers. In the lung, cyclic peroxides could be formed from phospholipids and circulated distally to produce adverse effects.
Vitamin E appears to be the only naturally occurring defense mechanism against O3 or NO2 toxicity. At any 03 or NO2 exposure level, the index of lung edema used here is still elevated over control clean air-exposed animals, suggesting that the consumption of higher levels of vitamin E by man may be required for further protection. The general phenomenon of lipid peroxidation following exposure to a toxicant which can be converted to a free radical source suggests that the present dietary intake of vitamin E may also be inadequate to protect man. Plaa and Witschi (/9) have reviewed other chemicals and drugs which promote lipid peroxidation and have suggested that peroxidation is a more general toxicant response than previously supposed. The present proposal that oxidant toxicity is mediated through the production of biopotent products formed during peroxidation would apply equally well to any other toxicant which can initiate peroxidation.
Oxidant toxicity may be expressed in chronic diseases, such as emphysema for NO2 or O3 or liver necrosis for halogenated solvents. The similarity of the toxicant-produced peroxides to natural peroxides produced by the prostaglandin system points to potential interactions with other diseases Environmental Health Perspectives known to have aberrant prostaglandin function. Particularly intriguing possibilities are interactions with asthma and cardiovascular disease. Asthmatics are particularly sensitive to prostaglandins, leading to the concept that they have an imbalance between prostaglandins of opposing effects. Asthmatics may be especially sensitive to NO. exposure. Arterial thrombosis has been suggested as the primary cause of plaque formation and as a precursor of cardiovascular disease. A key step in this process may be the prostaglandin system. Prostaglandin endoperoxides, PGG,/H,, are converted to thromboxane A, by platelets and to prostacyclin by arterial endothelial cells. Thromboxane A., promotes platelet adhesion and thrombosis while prostacyclin disaggregates platelets and reduces adhesion. Prostacyclin synthetase is inhibited by 15-hydroperoxyl fatty acids. Non-specific peroxides produced by toxicants could inhibit the activity of this enzyme. Interestingly, cigarette smoke, a common underlying cause of cardiovascular disease, contains about 1,000 ppm NO, a small portion of which is continuously being converted to NO2 by reaction with other constituents.
These experiments and speculations on the role of one dietary component, vitamin E, in the response to environmental toxicants also indicates the need to reevaluate traditional criteria for vitamin and nutrient function. Biochemical criteria, rather than frank signs of deficiency, should be used to evaluate the present need for nutrients. Stresses placed on man through his changing environment may require higher levels of a specific nutrient than previously supposed on the basis of more classical criteria. Such a view is particularly attractive to the concept of preventive medicine and the maintenance of a high quality of life through regulation of environmental hazards.
